Mechanosensitive (MS) channels behave as microprobes that transduce mechanical tension into electric and ion signals. The plasma membrane anionpermeable channel AtMSL10 belongs to the first family of MS channels (MscS-LIKE) that has been characterized in Arabidopsis thaliana. In the same membrane, a rapidly activated calcium MS channel activity (RMA) associated with the presence of the DEFECTIVE KERNEL1 (AtDEK1) protein has been recently described. In this Review, based on the comparison of the specific properties of AtMSL10 and RMA, we put forward hypotheses on the mechanism of activation of these two channels, their respective roles in signalling and also raise the question of the molecular identity of RMA. Finally, we propose functions for these two channels within the context of plant mechanotransduction.
Plants as all living organisms are subjected to mechanical forces arising either from their environment or from inside their own body. On the one hand, plants are shaped by mechanical cues from the environment. For example they grow along the gravity vector, roots turn around solid obstacles in the soil, stems wrap around stakes. On the other hand, mechanical forces are generated in the plant body by developing tissues. The epidermis, which constrains the growth of inner tissues, is under tension while the inner tissues are under compression. These forces sensed by the cells affect their divisions, growth and differentiation: they are key regulators of plant development as much as chemical signals [1] .
These compressions and tensions cause deformation at cellular level which, in turn, may activate a variety of mechanosensors linked to the cell wall, the membrane or the cytoskeleton. Among them mechanosensitive (MS) channels, embedded in the membrane, represent universal mechanosensors that have been found from prokaryotic to eukaryotic organisms. These channels are proteins forming an ion-permeable pore through the membrane lipid bilayer, which is gated by membrane tension [2] . They are key components of the mechanotransduction, converting almost instantaneously mechanostimulation into electrical or biochemical signals that trigger specific cell responses. Although many stretch-activated channels have been recorded by the patch clamp technique in different plant species [3] , few genes encoding MS channels have been identified to date.
The first genes encoding MS channels discovered in Arabidopsis thaliana have been found by homology with MscS (Mechanosensitive channel Small conductance) in Escherichia coli. EcMscS is a poorly selective MS channel, which is thought to act as a safety valve that releases osmolytes through the plasma membrane in case of osmotic shock [4] . EcMscS homologues are found in bacteria, archea, protozoa, fungi and plants but not in animals [5] . The genome of A. thaliana contains 10 paralogues which are called MscS-LIKE PROTEIN (MSL) [3] . Among them AtMSL10 was shown to be responsible for the activity of an anionpermeant MS channel in plant cells [6] and in the Xenopus oocyte heterologous system of expression [7] .
Recently, a rapidly activated calcium MS channel activity (RMA) associated with the presence of the DEFECTIVE KERNEL1 (DEK1) protein was reported in A. thaliana protoplasts [8] . DEK1 was identified in a screen for maize mutants with altered embryo development [9] . In A. thaliana dek1, null mutants are embryo lethal and the silencing of DEK1 causes misregulation of the proliferation and differentiation of epidermal cells [10] [11] [12] [13] . Interestingly the RMA channel activity displays electrophysiological properties similar to mouse Piezo MS channels [14] . One or two genes of the Piezo family are found in the genomes of animals, plants and protozoa. So far, no member of the Piezo family has been characterized in plants.
The electrophysiological properties of AtMSL10 and RMA have been recorded with the patch clamp technique. Interestingly, they show different features that could give rise to distinct functions in the plant cell. However, we do not yet understand their molecular mechanisms of activation or their physiological functions. Therefore, we compare them with EcMscS and mPiezo1 that are better studied to make hypotheses on how AtMSL10 and RMA could contribute to the mechanotransduction in plants.
AtMSL10 and AtDEK1 are associated with two distinct mechanosensitive channel activities
How to record the activity of MS channels
The activity of the MS channels is recorded using the patch clamp technique combined with pressure stimulation [2, 15] (Fig. 1A) . Clamping pressure in the micropipette or poking cells with a microstick are used to increase membrane tension, which triggers the opening of MS channels. Depending on the configuration used, the recording of either a channel population (whole-cell) present on the membrane or a selected small number of channels (excised patch) up to singlechannel activity resolution are possible. The determination of the ions which permeate the channel is possible by controlling the ionic composition on both sides of the membrane. The ability to measure channel relaxations following step changes in positive/negative pressure using combined patch clamp and pressure clamp techniques allows the analysis of the time, voltage and pressure dependence of the opening and closing of the MS channels. Thus, this technique reveals, with a high resolution, the intimate properties of MS channels.
AtMSL10 mediates large fluxes of anions while RMA mediates small fluxes of calcium AtMSL10 activity was first described in the plasma membrane of root protoplasts by increasing pressure in the micropipette in the whole-cell configuration [6] . This activity was lacking in the msl9 msl10 double null mutant. The heterologous expression of AtMSL10 in Xenopus oocytes confirmed that AtMSL10 encodes a channel activated by membrane stretch [7] . It is permeable to anions, with a permeability ratio Cl À /Na + of 6. Another MS channel activity in the plasma membrane of Arabidopsis cells, called RMA, has also been reported [8] . RMA is selective for divalent cations like calcium. The conductance of RMA (~10 pS) is 10 times smaller [8] than the conductance of AtMSL10 (~100 pS) observed either in same ionic conditions with CsCl as cytosolic ions (Fig. 1B) or in close conditions with KCl as cytosolic ions [6] . RMA was altered in two independent lines of dek1 null mutants [8] . In contrast to AtMSL10, AtDEK1 has not been yet expressed in a heterologous system to confirm whether it is sufficient to generate MS channel activity. It is therefore not established whether AtDEK1 encodes a MS channel itself or a regulator of the putative pore forming subunit of the channel providing RMA activity. In conclusion, upon mechanostimulation, AtMSL10 mediates large fluxes of anions while RMA mediates small fluxes of calcium (Fig. 1B ).
AtMSL10 and RMA react with different kinetics and sensitivity to membrane tension
Another difference between AtMSL10 and RMA resides in their kinetics. Channel function can be modelled with at least three states: closed, open and inactivated (Fig. 1C) Fig. 1B) . The insertion of a T-DNA after the transmembrane domain of AtDEK1 (dek1-3 mutant, Fig. 2A ) makes the inactivation of the RMA current faster than in the control. RMA current could not be detected in the dek1-2 mutant (with the T-DNA insertion in the transmembrane domain).
The sensitivity of MS channels to membrane tension can be determined by applying pressure in steps of increasing intensity. The relation between pressure and current intensity follows a sigmoid curve characteristic of a Boltzmann relation. The pressure at midactivation (P 1/2 ) was determined for AtMSL10 and RMA, showing that AtMSL10 is activated at lower pressure (P 1/2~5 0 mmHg) than RMA (P 1/2~1 00 mmHg). However, one has to keep in mind that the relevant parameter for the activation of MS channels is the membrane tension rather than the applied pressure [2] . According to Laplace's law, tension is the product of pressure and radius of curvature. The relationship between tension and activation of AtMSL10 has been measured in the whole-cell configuration, the radius of curvature corresponding here to the radius of the protoplast, but only for a limited range of tension [6] . On an excised patch the curvature of the membrane can be measured by DIC microscopic observation to have access to the actual tension of the membrane [16, 17] . The activity of EcMscS and mPiezo1 was expressed as a function of membrane tension but this has not yet been done for AtMSL10 and RMA.
Although the patch clamp provides refined information on the function of MS channels, this technique does not allow the determination of the molecular identity of the channel by itself. However, by comparing patch clamp recording on KO mutants for candidate genes with wild-type, we were able to propose that AtMSL10 and AtDEK1 encode MS channels or (blue) is homologous of the TM3 of EcMscS (blue), which constitutes the pore-lining. The C-ter domain of EcMscS (green) is part of the cytosolic vestibular domain. The N-ter cytosolic domain of AtMSL10 (red) induces cell death when dephosphorylated. AtDEK1 is predicted to encode a protein with 23 transmembrane domains, an intracellular loop and C-ter domain which shows homology with the animal calpains (red). Arrows indicate the insertion of the T-DNA for the dek1-2 and dek1-3 mutants, mentioned in the main text. mPiezo1 is predicted to have numerous transmembrane domains like AtDEK1. The pore of mPiezo1 is made of the last two helices (outer helix (OH) and inner helix (IH)) and the C-ter domain (CTD). The extracellular loop that connects the outer and inner helices constitutes a vestibular domain (green). (B) Gating models of EcMscS and mPiezo1. The potential paths for ions are represented by full lines. EcMscS assemble in homoheptamers and mPiezo1 in homotrimers to form a pore in the plasma membrane. The cytosolic vestibular domain (green) seems more important than the pore lining (blue) for selectivity. It is proposed for EcMscS that cations are trapped by its negative residues which may be the cause of its little selectivity for anions. In mPiezo1, negative residues of the extracellular vestibular domain at the fenestration sites increase cation permeability. EcMscS shows pockets that are filled with membrane phospholipids (three in the closed state, two in the open state). The increasing tension makes one phospholipid out of the pocket which triggers the transition to the open state. The dotted lines correspond to the lipidic bilayer, the lower part being in the cytosol by convention. Figure reproduced from Refs [21, 22] . channel regulators. The next step consists in looking at the structure of the corresponding proteins in either A. thaliana or other organisms in order to propose links between function and structure of plant MS channels.
AtMSL10 and AtDEK1 encode proteins that show properties of MS channels

AtMSL10 and AtDEK1 encode plasma membrane proteins
According to in silico predictions, AtMSL10 and AtDEK1 proteins harbour multiple transmembrane helices. AtMSL10 would have six transmembrane helices (TM), with only the TM6 sharing homology with EcMscS [3] (Fig. 2A) . AtDEK1 is predicted to have 23 transmembrane helices separated by a long cytoplasmic loop between TM9 and TM10 and ended by a large cytoplasmic C-terminal tail containing the CALPAIN domain, which is homologous to animal calcium-dependent proteases [18] (Fig. 2A) . In agreement with electrophysiological recordings showing alteration of plasma membrane MS activity in the respective mutants, AtMSL10 and AtDEK1 were both shown to be located at the plasma membrane [6, 10] .
Unfortunately the 3D structure of AtMSL10 and AtDEK1 has not yet been reported. However, we can compare them to other well-studied MS channels sharing homologies of sequence or functional properties. AtMSL10 is homologous of the bacterial MS channel EcMscS. EcMscS is constituted of three transmembrane helices connected to a C-ter cytosolic domain with a middle-b domain [19] (Fig. 2) . Seven EcMscS units assemble into a functional homo-heptamer channel, the TM3 constituting the pore. The C-ter cytosolic domain constitutes a vestibular chamber, the middle-b domain forming a b-barrel at the entry of the vestibule. The domain conserved between EcMscS and plant MSLs is the C-ter transmembrane domain (TM3 for EcMscS, TM6 for AtMSL10) and a part of the following cytosolic domain.
AtDEK1 and mPiezo1 do not share any sequence homology, which likely reflects their different evolutionary origins, although a similar function cannot be excluded as they are both associated with a cation MS channel activity with low conductance and rapid inactivation. Low sequence homology is also a common phenomenon encountered within the large and diverse family of Major Facilitator Superfamily (MFS) of transporters. Putative MFS motifs have been reported in PpDEK1 by Demko et al. [20] . This fact would support the hypothesis that DEK1 could function as a channel/transporter. Additionally, the surprising feature about AtDEK1 and mPiezo1 structure is their high number of transmembrane helices (23 for AtDEK1 and 24 for mPiezo1) ( Fig. 2A) . mPiezo1 is a huge protein that assembles in homotrimers [21] . The last two helices delineate the pore and the C-ter domain constitutes an extracellular vestibular domain (Fig. 2B) . Whether AtDEK1 can assemble into MS channels or requires other subunits still needs to be addressed.
Predicting functions for domains of AtMSL10 and AtDEK1 by comparison with other MS channels
Permeation pathway
An important question about plant MS channels is the identification of their permeation mechanism. Interestingly, the TM3 of EcMscS, which is the conserved domain among MscS homologues, lines the pore of the channel [19] . The residues of this domain are prime targets for site-directed mutagenesis testing their involvement in AtMSL10 ion permeation. Concerning AtDEK1, it would be necessary to express it in a heterologous system to check if it encodes the channel itself. Two mutant lines were generated by insertion of T-DNA [8] . The insertion at the very beginning of the gene (see dek1-2 in Fig. 2A ) completely prevents the production of the AtDEK1 protein and the associated MS channel activity is completely lost. In contrast, another T-DNA insertion localized after the transmembrane domains (see dek1-3 in Fig. 2A ) could lead to the production of a truncated protein that may still mediate MS currents.
For EcMscS, it is worth mentioning that mutations of two negatively charged residues in the vestibular domain formed by the C terminus region of the channel altered ion selectivity indicating that it may constitute the selectivity filter [22] . Interestingly, mutating the negatively charged residues of mPiezo1 vestibule caused an increase in anion permeability [23] indicating that the extracellular vestibule of mPiezo1 could determine selectivity as well. In both cases, the vestibular domain seems to play a critical role in ion selectivity and therefore represents a domain to target for further site-directed mutagenesis.
Activation by tension
The force-from-lipid (FFL) is a physicochemical principle based on the fact that the bilayer requires inherent forces that are large and anisotropic. Proteins embedded in the bilayer are subjected to these push and pull forces [24] . A recurrent question about MS channels is whether FFL which generates membrane tension is sufficient to activate them or whether their opening is triggered through their tethering to the cytoskeleton or the extracellular matrix. EcMscS was reconstituted in synthetic liposomes and showed similar properties as in native membranes, demonstrating that membrane tension can directly trigger EcMscS opening [17] . mPiezo1 was also directly activated by membrane tension when it was purified in lipid bilayers [23] . AtMSL10 and RMA are both inhibited by Gd 3+ , which interacts with membrane lipids, increasing lateral pressure and then stiffening the bilayer, and may interfere with the interaction between MS channels and membrane lipids [25] . Therefore, membrane tension seems to be sufficient to open MS channels.
The interactions between membrane lipids and channel residues have been investigated in EcMscS. Combining molecular dynamic simulations and point mutations, residues sensing tension have been identified [26] . Several hydrophobic residues interact with membrane lipids in the closed state but are embedded in the protein core in the open state. Moreover, mutating residues that interact with membrane lipids in the open state did not alter the channel gating, which lead the authors to propose the Jack-in-the-box model [27] . In this model, interactions between hydrophobic residues and membrane lipids would maintain the channel in the closed state while an increase in membrane tension would destabilize these interactions to promote the open state. An alternative model has been proposed based on the finding that EcMscS protein structure displays pockets filled with membrane lipids [28] . The 'lipid moves first' model proposes that pockets are filled with more lipid molecules in the close state (one more phospholipid) than in the open state; an increase in tension would force lipids out of the pockets, leading to a change in conformation and the opening of the channel. These experiments are inspiring for further characterization of AtMSL10 and AtDEK1. We wonder, for example, whether the intensity of the interactions between the channel and membrane lipids could be the reason why AtMSL10 is activated at lower tension than RMA.
Concerning mPiezo1, Pliotas and Naismith [29] propose that the area between the horizontal helix and the transmembrane region could constitute pocketbinding membrane lipids. The inhibition of mPiezo1 caused by the depletion of specific phospholipids in the lipid bilayer provides a first hint in favour of this hypothesis [30] . To identify the mechanosensing domain of the channel, mPiezo1 in which the two C-ter transmembrane helices (forming the pore) had been deleted was fused to ASIC1, a channel that is not MS [31] . The chimeric channel has the permeation properties of ASIC1 and is activated by membrane stretch, demonstrating that the first transmembrane helices of mPiezo 1, which do contribute to the pore, are sufficient to confer mechanosensitivity. If AtDEK1 is not a channel itself, we hypothesize that it could have a similar function as the first transmembrane helices of mPiezo1: associated with pore-lining helices to confer mechanosensitivy.
Even though changes in the interactions between MS channels and the lipid bilayer provide the main mechanism for their activation, MS channels are also regulated through their interactions with other MS structures such as the cytoskeleton. In animal cells, increasing evidence support a role of the cortical actin as a relay in MS channel activation. mPiezo1 recorded in blebs, which are membrane domains devoid of cytoskeleton, is activated at low tension or even in the absence of stretch, suggesting an inhibitory role of the cytoskeleton in the mechanosensitivity of this channel [32] . Similarly, the cytoskeleton acts as a tonic repressor to modulate the channel activity of the mouse MS channel TREK-1 [33, 34] . In plants, the major mechanical component of the cytoskeleton is the cortical microtubule network [35] . Its role in MS channel activation has not yet been investigated. We hypothesize that the cytoskeleton could modulate the activity of MS channels either by direct interaction or more likely through changes in the mechanical properties of the membrane.
Inactivation kinetics
EcMscS display inactivation in specific condition [36] while kinetic analysis of mPiezo1 current revealed that it displays strong and rapid inactivation. Point mutations in the pore-lining helix of EcMscS caused a faster inactivation, which is also observed at low pH (6.0) [37] . These residues seem to stabilize the open state, and could be involved in channel interactions with membrane lipids or proteins. Therefore, the inactivation of EcMscS is governed by interactions with residues in the TM3 helix. Likewise, residues of the homologous TM6 of AtMSL10 seem important to stabilize the open state as point mutations lead to flickery channel activity [38] .
Several point mutations in mPiezo1 have been shown to alter inactivation kinetics [15] . These mutations are mostly gathered in the pore region suggesting that the pore region participates in channel inactivation. Another study based on the use of magnetic nanoparticles to pull on specific residues of the mPiezo1 protein found that pulling on the pore region as well as on the N-terminal transmembrane helix altered inactivation [39] . In A. thaliana, the dek1-3 mutant (with the T-DNA insertion after the TM domain) showed a faster inactivation, implying that the TM domain of AtDEK1 would slow down the inactivation of RMA. Therefore, the stability of the open state seems to be ruled by interactions with residues in the pore of MS channels.
Although AtMSL10 and RMA share common basic properties of mechanoactivation, they display specific properties in terms of ion selectivity, sensitivity to membrane tension, kinetics and protein structure. In the following paragraph we will review the function already attributed to these proteins and propose putative functions to be investigated.
AtMSL10 and AtDEK1 in the transduction of mechanical signals: what stimuli for what responses?
Some clues about AtMSL10 and AtDEK1 functions msl10 and dek1 null mutants were generated to better understand the physiological relevance of the corresponding proteins in the model plant A. thaliana. So far no phenotype could be detected in the msl10 null mutants. In contrast, dek1 null mutants are embryo lethal [40] . However, the expression of the CALPAIN domain of AtDEK1 rescues the embryo lethal phenotype of dek1 null mutants without restoring RMA activity [9, 11] . This suggests that the embryo lethality is caused by the absence of the CALPAIN domain while AtDEK1 transmembrane domain is responsible for the MS channel activity.
Therefore, the alteration of the MS channel activity associated with AtMSL10 and AtDEK1 mutations does not lead to any spectacular phenotype. Functional redundancy between MSL family members may account for this observation. Indeed, the genome of A. thaliana encodes 10 members of the MSL family and some have potentially overlapping functions. However, the inactivation of five MSLs (4, 5, 6, 9 and 10) does not lead to a detectable phenotype either. It should also be pointed out that MS channels likely are in the closed state in resting condition. They might be activated only in specific conditions corresponding to emergency situations for the cell. Mutant plants for MS channels may have not been tested in the peculiar situations requiring the activation of MS channels yet. Transcriptome analysis of mutants of MS channels could be a first step towards a better understanding of their functions. Accordingly, data from our lab suggest that AtMSL10 is required for the up-regulation of some touch-responsive genes in the floral stem in response to oscillatory mechanostimulation.
What we can guess from their electrophysiological properties
One could be inspired by the functions of other MS channels. E. coli lacking MscS and MscL do not survive to an osmotic downshock [4] . Indeed the cell swelling caused by an osmotic downshock induces an increase in membrane tension, which in turn activates EcMscS. EcMscS behaves as a safety valve that allows the cell to release osmolytes counteracting the swelling. MSL8 in A. thaliana seems to play a similar role during pollen germination [41] . msl8 mutant pollen grains show a higher rate of bursting than wild-type when they germinate under hypo-osmotic conditions. AtMSL8 would thus be important for managing rehydration of the pollen grain for its germination, a mandatory step to ovule fertilization.
AtMSL10 with its high conductance and its permeation properties in favour of anion release without inactivation is a perfect candidate for mediating sustained fluxes as large as 100 billon anions per second. In terms of capacity to mediate large sustained ion fluxes, this ranks AtMSL10 between voltage-dependent plant anion channel such as SLAC or QUAC/ ALMT12 with a conductance in the tens of pS [42, 43] and EcMscS with a conductance of about 1 nS. By gating large fluxes of anions out of the cell in a short time, AtMSL10 remains a good candidate for a valve of osmoprotection if its opening is coupled with the activation of potassium channels. Alternatively, as it is selective for anions, its activation must trigger a depolarization of the plasma membrane. This suggests that AtMSL10 could be involved in membrane electrical signalling. Taking into account its high expression in the vasculature [6] and its ability to induce depolarization upon membrane stretching, AtMSL10 is a good candidate for coupling electrical and hydraulic longdistance signalling. Indeed, despite the onset of electrophysiological studies a century and a half ago [44] , the mechanism for the propagation of electrical signal in plants is still not elucidated. It has often been suggested that the propagation of electric signal over a long distance in addition to voltage-dependent channels would imply the spreading of a hydraulic pressure wave [45] [46] [47] [48] . In this context, it is highly relevant to examine the role of AtMSL10 in long-distance electrical signalling (Fig. 3) .
In contrast, RMA channel associated with AtDEK1 is permeable to calcium with low conductance and rapid inactivation. Ca 2+ is known to be a second messenger whose effects are pleiotropic. Via its binding on specific domains such as EF-hand motifs, Ca 2+ can directly modulate protein activity such as Ca 2+ -dependent protein kinases (CDPKs) or act through Ca 2+ -sensor proteins such as calmodulin (CaM), or calmodulin B-like proteins (CBLs) [49] . These sensors bind their target proteins in a Ca 2+ -dependent manner and can modulate their activity. Target proteins can be, for example, transcription factors, other channels, enzymes or the cytoskeleton, all of them being regulated during mechanostimulation (Fig. 3) . Mammalian Piezos have the same electrophysiological signature as RMA and their physiological roles could provide clues for further works addressing RMA function. They are expressed in mechanosensory cells such as the Merkel cells and in tissues that are exposed to fluid pressure and flow (endothelium and epithelium) or solid pressure (muscles, bones) [15] . Global knockout of Piezo1 or Piezo2 in mouse causes embryo lethality and several mutations affecting these genes are linked to human diseases. Depending on the cell types, Piezos seem to have a wide range of functions, which is nevertheless always connected to mechanotransduction.
AtMSL10 and AtDEK1 are bifunctional proteins
The cytosolic N-ter domain of MSL10 promotes the production of ROS and cell death [50] . Phosphorylation of specific residues inhibits this function. When expressed by itself, the cytosolic domain constitutively activates cell death (Fig. 3) . The authors proposed that sustained activation of the transmembrane part of AtMSL10 by membrane stretch could cause the dephosphorylation of the N-ter domain and even its cleavage from the transmembrane domain to activate cell death. But experimental evidence supporting this model is still lacking. In contrast, cleavage of the CALPAIN domain from DEK1 is well documented. Autocatalytic cleavage releases the cytosolic CALPAIN domain from the transmembrane part of AtDEK1 (Fig. 3) [10] . The CALPAIN domain may be a key regulator of embryonic and postembryonic development [13, 40] . Moreover, it regulates the expression of cell wall-related genes and can induce cell wall remodelling [12] . The cell wall being an essential contributor to plant mechanics that strongly impact development [1, 51] , AtDEK1 could be one transducer protein that links mechanostimulation to development.
Interestingly, AtMSL10 and AtDEK1 have a cytosolic domain whose function is different from the MS channel. It is tempting to speculate that the activity or the cleavage of the cytosolic domain may be regulated by membrane stretch through the channel activity. In the moss Physcomitrella patens, genetic evidence suggests that the big loop in the transmembrane domain of DEK1 might regulate the activity of the CALPAIN domain [20] . This would support their function as transducers, converting an external stimuli (here mechanostimulation) into signals triggering adaptive or developmental cell responses (ion gating, activation of a subdomain). The key question is then: what stimuli cause the opening of the MS channels in vivo?
Stimuli that could activate AtMSL10 and AtDEK1 in plants
It is hard to infer what stimulus could trigger the opening of MS channels in planta only from their electrophysiological properties. The conditions of electrophysiology experiment, performed on a patch of membrane or on the membrane of an entire protoplast, are far from physiological conditions. In order to have access to the plasma membrane the cell wall has to be degraded, then the membrane is no more subjected to turgor pressure. How the plasma membrane reacts to mechanical stress in planta is not known. The deformation of the plasma membrane may be modulated by the mechanical properties of the tissue [2] , especially the cell wall [1] . Patch clamp experiments showed that RMA opens at a higher tension threshold than AtMSL10. Therefore, AtDEK1 is likely to be activated in tissues that are under high mechanical stress such as the epidermis which constrains the pressure imposed by inner tissues [1] AtDEK1 could also respond to large local increases in tension at the subcellular level. In contrast, AtMSL10 is expressed in the vasculature, which is embedded in the inner tissues, where tension is lower. MSL10 could be activated by inner pressure waves as we already proposed, or by shear tension due to sap circulation, as mPiezo1 in endothelial cells is proposed to react to shear stress caused by blood circulation [15] . The different cell layers respond differentially to a mechanical stimulus depending on their mechanical properties leading to cell-or tissue-specific activation of MS channels. For Ca 2+ signalling, the tissue-specific Ca 2+ signal known as calcium signature [52] might depend on AtDEK1 activation in a cell-specific fashion even though the protein expressed ubiquitously. The MS channels are also studied under oscillatory stimulation that mimics stimulation observed in nature (e.g. leaves in the wind for plants or cardiac pulsation for animals). The kinetics of RMA, especially its inactivation, could give rise to a frequency-dependent behaviour. mPiezo1, which is also characterized by a rapid inactivation, has recently been shown to act as a frequency filter [53] . Its close homologue mPiezo2 functions as a low-pass filter, in agreement with its involvement in the detection of soft touch in the Merkel cells, the skin mechanosensors that are sensitive to low frequencies. RMA may be a component of a frequency filter in plants. This stimulating hypothesis should be further demonstrated at the channel level, combining patch-clamp and frequency pressure stimulation, and at the organism level, with plants under periodic mechanical stimulations.
Conclusion
The MS channels share common functional properties between organisms despite great differences in their life styles. Indeed, these proteins are devoted to different functions such as proprioception in animals or tolerance to osmotic stress in bacteria, for example. The detailed characterization of plant MS channels at the molecular and cellular levels should help to predict in which function they could be involved. This should in turn allow the design of experimental conditions to reveal their role in plants. Admittedly, the properties of plant MS channels in terms of conductance, selectivity, activation-deactivation kinetics and tension sensitivity have been well characterized. It is now urgent to investigate the functions of RMA activity and AtMSL10 channel in planta. The development of plant ion biosensors [54, 55] , fluorescent proteins that are sensitive to ion concentrations, provides the opportunity to elucidate the link between MS channel activation and calcium or anion dynamics in planta. Moreover, the distribution of the intensity of the membrane tension in plant cells is not well assessed. A major aim for future studies is the determination of membrane tension in vivo. Recently, fluorescent probes based on F€ orster resonance energy transfer have been engineered to sense tension variations across proteins with picoNewton sensitivity [56, 57] . These probes designed for animal cytoskeleton will have to be adapted to plant cell membranes. These exciting new tools should allow us to map mechanical forces within the plant body and then to couple the activation of RMA, AtMSL10 and other MS channels to the distribution of mechanical stress.
